. Ku complex with DNA as visualized by EMSA and with SAXS envelopes. A. Guinier plots for SAXS experimental data shown in Figure 1A with linear fit (red line) in the limit qR G >1.6. B. EMSA for Ku binding to 40bp Y-DNA. 40bp Y-DNA (4 pmole) was incubated with 0.5, 1, 2 or 4 molar equivalents of purified Ku (lanes 2-5, respectively) for 10 minutes on ice. Samples were loaded onto a 1.5% agarose gel, analyzed by electrophoresis, and stained by ethidium bromide. Lane 1 contained DNA alone. C. Five representative DAMMIN models for Ku and Ku/16bp Y-DNA are shown in volumetric representations.
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. Ku complex with DNA as visualized by EMSA and with SAXS envelopes. A. Guinier plots for SAXS experimental data shown in Figure 1A with linear fit (red line) in the limit qR G >1.6. B. EMSA for Ku binding to 40bp Y-DNA. 40bp Y-DNA (4 pmole) was incubated with 0.5, 1, 2 or 4 molar equivalents of purified Ku (lanes 2-5, respectively) for 10 minutes on ice. Samples were loaded onto a 1.5% agarose gel, analyzed by electrophoresis, and stained by ethidium bromide. Lane 1 contained DNA alone. C. Five representative DAMMIN models for Ku and Ku/16bp Y-DNA are shown in volumetric representations. . Corresponding P(r) functions are shown in the inset. D. P(r) functions of DNA-PKcs/40bp Y-DNA assemblies calculated for samples with molar ratios of DNA-PKcs/40bp Y-DNA of 1:0, 1:1, 1:1.2 and 1:2 (black, blue, light-blue, dark-blue). The excess of 40bp Y-DNA reduced the second shoulder of the P(r) function and indicates dissociation of the dimeric state. The P(r) function of the DNAPKcs/Ku/40bp Y-DNA is shown in dark yellow. The P(r) functions are normalized to unity at their maxima, except for the P(r) function of 40bp Y-DNA alone (gray) which is normalized relative to the content in the DNA-PKcs/40bp Y-DNA sample with molar ratio 1:1. E. P(r) functions of DNA-PKcs/40bp HP-DNA assemblies calculated for samples with molar ratios of DNAPKcs:40bp HP-DNA of 1:0, 1:0.2, 1:0.5, and 1:1 (black, orange, violet, green). The excess of 40bp HP-DNA reduced the second shoulder of the P(r) function and indicates dissociation of the dimeric state. P(r) values are normalized to unity at their maximum, except for the P(r) of 40bp HP-DNA alone (gray) which is normalized relative to the content in the DNA-PKcs/40bp HP-DNA sample with a molar ratio of 1:0.5. F. P(r) functions of the DNA-PKcs/Ku/40bp HP-DNA assemblies calculated for the samples with molar ratios of DNA-PKcs: 40bp HP-DNA 1:1:0, 1:1:0.2, 1:1:0.5, and 1:1:1 (black, orange, violet, green). Addition of DNA at higher molar ratios
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(1:1:1, DNA-PKcs /40bp HP-DNA) did not cause the disappearance of the dimeric DNA-PKcs state from solution as it was observed in the absence of Ku (panel E). The P(r) function in the absence of DNA (DNA-PKcs/ Ku) (cyan) remains identical with the P(r) calculated for DNAPKcs (black), showing that Ku by itself does not support the dimeric formation. 
Additional Data Analysis
DNA solution structure. --The calculated scattering profiles of the DNA molecules closely matched those calculated from x-ray structural components. This observation along with the pair distribution function P(r) as calculated for the experimental data, suggest that the structures of the DNA oligonucleotides in solution resemble the predicted atomic models ( Figure S2 ).
Criteria for evaluation of SAXS results for Ku and Ku/DNA complexes. --Inspection of the SAXS profile and linear radius of gyration of free Ku heterodimer over a concentration range of 1-10 mg/ml indicated that the protein is well behaved over a wide concentration range and adopts an aggregation-free state in solution (Fig. S1A) . The estimated molecular weight of the Ku heterodimer (Mw 140 kDa) as determined by Porod volume calculations (4) resembled the value predicted from the amino acid sequence (153 kDa) and is within the 20% standard deviation expected for this calculation (5) . To better define the geometric shape of the Ku heterodimer, we calculated the SAXS envelopes for all constructed Ku assemblies. The overall envelopes were restored from the experimental data using the program DAMMIN (6) or GASBOR (7) respectively. Ten low resolution models obtained from different runs were averaged using the program DAMAVER (8) to construct the average model representing the general structural features of each reconstruction. Calculation of independent models gave confidence in the consistency of the SAXS architectures as objective algorithms showed small variations between independent runs (Fig. S1C) . SAXS bead models were converted to volumetric Situs format using the pdb2vol kernel convolution utility (9) . Although the individual models match the experimental data (21 Å, qmax=0.3 Å -1 ); the structural details of the averaged model depends on spatial resolution, data quality, molecular size, shape and flexibility (5) . Rigid body models of Ku and Ku/DNA complexes were restored using the BILBOMD approach (10). For flexible Ku structure, we represented the protein by an ensemble containing 5 different conformations. The scattering from such an ensemble is readily computed by averaging of non-uniform weighted individual scattering patterns from the conformers. To select an appropriate minimal ensemble from pool of 10000 BILBOMD -generated conformations, Minimal Ensemble Search (MES) was employed (10) .
Due to the possible presence of free and DNA-bound Ku in Ku/DNA samples, we also used MES to investigate the ratio of the components in Ku/DNA complexes. The best fit, obtained by convolution of several components, suggests that the sample is composed of those mixtures. The theoretical scattering profiles of Ku, Ku/16bpDNA and 16bpDNA allowed us to deconvolute the experimental data and estimate the fractional volume of each component. Best-fit χ 2 =3.0 was achieved for the mixture of 50% free and 50% DNA-bound Ku. We also applied this approach for the deconvolution of the Ku/40bp Y-DNA or Ku/40bp HP-DNA data, respectively. The multi-component fit (χ (Fig. 1A) may arise from high-resolution variability in the arrangement of Ku along the DNA, DNA flexibility, or the Ku80CTR, which were not implemented in this analysis.
Supplementary Experimental Procedures
Purification of DNA-PKcs and Ku DNA-PKcs and the Ku70/80 heterodimer were purified from the high salt wash of the nuclear pellet from unirradiated HeLa cells as described previously (11) . Protein concentrations were determined using the Biorad Protein assay using BSA as standard.
Rigid body modeling -BILBOMD and Minimal Ensemble Search (MES)
Rigid body modeling was performed using the BILBOMD (10). The crystal structures of Ku (PDBid: 1jeq) and Ku/16bpDNA (PDBid: 1jey) were used to construct the initial atomic models. The initial model for Ku was constructed by connecting the NMR structure of Ku80 C-terminus (Ku80CTR) (PDBid: 1q2z) and the Ku crystal structure where the missing regions of DNA or protein were manually modeled using the program VMD (12) . These atomic models were used as templates for the rigid body modeling. The program CHARMM, version 33.b (13) , with the all-atom CHARMM force field version 27.0 (14), was used for molecular dynamics (MD) simulation. The initial atomic models were taken as the starting point of the simulations. In all cases, only the atoms of the linkers in between Ku80CTR, Ku70 C-terminal domain and 35 residues Nterminal were allowed to move, while the modules at the extremities namely the Ku80CTR and Ku70 C-terminal SAP domain were treated as rigid bodies with no internal motion. The simulations were performed in vacuum with a time step of 1fs. All simulations were performed with the following protocol. The system was subjected to energy minimization with harmonic constraints on the protein atoms, followed by MD heating up to 1500K keeping the protein atoms fixed. During the subsequent "phase of production" the resulting structures of the protein were recorded every 0.5ps in a trajectory file. For each registered conformation the theoretical SAXS profile, the R G and the corresponding fit to the experimental data were calculated using the program CRYSOL (15) . The flexible Ku structure was represented by an ensemble containing 2 or 5 different conformations. The scattering from such an ensemble is readily computed by averaging the individual scattering patterns from the conformers. To select an appropriate minimal ensemble from pool of 10000 MD -generated conformations, Minimal Ensemble Search (MES) was employed (10) . The scattering curves from all the structures in the MD -pool were first pre-computed and the subsequent genetic algorithm-selection operators were performed using these patterns and not the structures (16) . The final model was calculated to best fit the experimental curve I exp (q) minimizing the discrepancy χ where K is the number of experimental points, σ(q) are standard deviations, and µ is a scaling factor. The BILBOMD modeling and Minimal Ensemble Search (MES) programs are available on the website http://bl1231.als.lbl.gov/saxs_protocols/.
Cell culture and transfection conditions V3 and derivative cell lines were cultured in alpha-minimum Eagle's medium supplemented with 10% (v/v) fetal bovine serum and 100 units/ml of penicillin and 100 µg/ml of streptomycin in a humidified atmosphere with 5% CO 2 at 37°C. V3 cells stably expressing YFP-tagged DNA-PKcs were generated as described previously (17) .
Live cell imaging
Laser micro-irradiation and time-lapse imaging were carried out as described previously (17) . Fluorescence intensities of undamaged and damaged areas were determined using the Axiovision software (Version 4.5, Carl Zeiss). All measurements were corrected for nonspecific bleaching during monitoring, and relative fluorescence was calculated by the formula as described before (17) . Relative fluorescence intensity (RF) was calculated by following formula: RF(t) =(I t -I pre )/(I max -I pre ), where It is the timedependent fluoresce intensity of the accumulation area after irradiation, I pre is the fluoresence intensity of the accumulation area before irradiation, and I max denotes the maximum fluorescence signal in the irradiation area. Mean values of relative fluorescence intensities at each time point were calculated from 10 independent measurements.
FRAP analysis
FRAP analysis were performed on LSM 510 Meta confocal microscope as described previously (17) . Briefly, cells expressing YFP-DNA-PKcs were maintained in CO 2 -independent medium (Invitrogen) at 37°C, and micro-irradiated with a 365-nm laser as described above. YFP-DNA-PKcs accumulation reached maximum accumulation by 10 minutes, at which time the accumulated proteins, were photo-bleached with a 514-nm argon laser. Subsequently, 20 images were acquired in 15-s interval as described above. To compensate for non-specific photo-bleaching, the background fluorescence was subtracted from the accumulation spot. Normalized intensity (NI) was calculated by following formula: NI (t) = It/Ipre, where Ipre represents the prebleach value of the intensity light.
Quantitative analysis was based on single binding reaction model (18) given by 
Biotin pull-down assays The biotinylated oligonucleotides used for biotin pull down assays were as follows (written in a 5' to 3' direction): Oligo 1: GGATACACAACAGACCGCAACACTCAGATTACTTTTCGCC Oligo 2: GGCGAAAAGTAATCTGAGTGTTGCGGTCTGTTGTGTATCC Oligo 3: GGCGAAAAGTAATCTGAGTGTTGCGGTCTGTTGTGTATCC Oligonucleotides 1 and 3 were synthesized with a 5'-biotin group. Oligonucleotides 1 and 2 were annealed to yield ds oligonucleotide "1 x biotin" and oligonucleotides 1 and 3 for "2 x biotin" (shown in Fig. S10 ). The ds oligonucleotides were then bound to streptavidin coated magnetic beads (Promega) and washed in DNA binding buffer (50 mM Hepes pH 7.5, 75 mM KCl, 5%(v/v) glycerol, 1 mM DTT, 10 µg/ml BSA, 0.5 mM PMSF) containing 5 mM MgCl 2 . In some experiments, beads were incubated in the presence of biotin to block residual binding sites. Washed DNA beads were then incubated with purified DNA-PKcs (0.5 µg) and/or Ku (0.15 µg) in the absence of ATP or in the presence of either 1 mM ATP or the non-hydrolyzable analogue AMP-PNP (1 mM) for 0-60 minutes, as indicated. Complexes were precipitated using magnetic beads and washed 5 times in binding buffer containing 0.1%(v/v) Nonidet-P40 (NP40) and precipitates were analyzed by western blot.
Limited chymotrypsin proteolysis of DNA-PKcs
Purified DNA-PKcs (~ 2 µg) and Ku70/80 heterodimer (~ 0.6 µg) were incubated for 10 minutes at 30 o C in reactions containing 100 mM Tris-HCl, pH 8, 10 mM MgCl 2 , 100 mM KCl, 5% (v/v) glycerol, 1 mM DTT, 20 ng/µl 40bp blunt ended dsDNA oligonucleotide (oligonucleotides 1 and 2, above) plus either 1 mM ATP or 1 mM AMP-PNP (final reaction conditions 2 moles DNA:1 mole DNA-PK). Reactions were stopped by the addition of sodium pyrophosphate to 5 mM. DNA-PKcs was then digested by addition of chymotrypsin at a ratio of 1:100 w/w chymotrypsin:DNA-PKcs and incubations were continued at 30 o C. At each time point, an aliquot (corresponding to 0.5 µg DNA-PKcs) was removed and 2X SDS-PAGE sample buffer was added to stop the reaction. Samples were heated at 100 o C for 5 min and proteolytic products were separated by SDS-PAGE on 10% acrylamide gels and transferred to nitrocellulose. The proteolytic fragments were probed for DNA-PKcs with a rabbit polyclonal antibody (DPK1) raised to amino acids 2016-2136 of DNA-PKcs (1:3000, 1.5 h, RT), and blots were developed by enhanced chemiluminescence according to the manufacturers recommendations (GE Healthcare).
Large-scale preparation of phosphorylated DNA-PKcs for structural analysis Two milligrams (~4 nmoles) of DNA-PKcs was incubated with 1.1 mg (~7 nmoles) of Ku heterodimer and 8 nmoles 40-base pair blunt-ended dsDNA oligonucleotide (sequence of the upper strand, written in the 5' to 3' direction) GGATACACAACAGACCGCAACACTCAGATTACTTTTCGCC) in the presence of 50 mM Tris-HCl, pH 8.0. 75 mM KCl, 10 mM MgCl 2 and either 0.25 mM ATP (for phosphorylated DNA-PKcs) or no ATP (for mock phosphorylated DNA-PKcs) for 30 minutes at 30 °C. The stoichiometry of phosphorylation was approximately 1 mole of phosphate per mole DNA-PKcs. Reactions were applied directly to a MonoQ HR5/5 FPLC column equilibrated in 50 mM Tris-HCl, pH 8.0, 100 mM KCl, 5% (v/v) glycerol, 0.2 mM EDTA containing 0.02% (v/v) Tween-20 plus 0.1 mM benzamidine, 0.1 mM DTT, 0.2 mM PMSF and 0.2 µg/ml pepstatin. DNA-PKcs was eluted using a salt gradient of 100 to approximately 300 mM KCl and one ml fractions were collected. Where indicated, phosphorylated DNA-PKcs was detected using a rabbit polyclonal antibody that recognizes phospho-SQ/TQ sequences (Phospho ATM/ATR Substrate, Ab #2851, Cell Signaling Inc). Total DNA-PKcs and Ku proteins were detected using polyclonal antibodies generated to purified proteins as described previously. Fractions containing DNA-PKcs were pooled and applied to a second MonoQ FPLC that had been equilibrated in the same buffer as described above but in the absence of Tween 20 detergent. DNA-PKcs containing fractions were dialyzed into 50 mM Tris-HCl, pH 8.0. 100 mM KCl, 5% (v/v) glycerol, 0.2 mM EDTA containing 0.1 mM benzamidine, 0.2 mM PMSF and 0.2 µg/ml pepstatin and concentrated to a minimum volume (50-60 µl) using Ultra-4 concentrators with a 50 kDa cut-off (Amicon). Protein concentrations were determined using the BioRad protein assay using BSA as standard.
